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FAST NUMERICAL METHODS IN 3-D*

by

Susan B. Woodruff
Safety Code Development C;roup

Energy Division
Los Alamoa National Laboratory

1. INTRODUCTION

During the past decade, various semi-implicit finite-differ(’nceschemes

such as that ueed in version PD2 of the Transient Reactor l.nzly~isCodcl

(TRAC-PD2) have been applied to problems in fluid flow. The numeri:al method

used in TRAC-PD2 is adequate for the original purpose of the code, which was

analysis of large-break lose-of-coolant accidenta in nuclear reactors; however,

for longer term small-break transients this method is extremely inefficient.

The material Courant stability limit requires time-step sizes for these

tranaiente that are ❑uch smaller than is neceaaary for reasonable accuracy. An

obvious cure for thie problem is to uee a fully implicit numerical method.

Hc,wever,this alternative is not a~tractive becauee lt requlrea substantial

changes in the TRAC code and multiplies the coet per cell per step of the

fluid-dynamics solution by a factor of six. The etabillty-enhanc.ingtwo-step

(SETS) ❑ethod2’3 was created to improve the running time of the existinq TRAC

code with minimal impact on the code structure and results. The SETS method

elim~nates the mauerial Coura~.tstability limit simply by adding a atabllizer

step to the bas’.csemi-impiicit equations.

The SETS method implemented in the one-dimensional hydrodynamic

components ot version PFL of TRAC hns resulted in f~ster running times for

systems that are modeled using only thene component~m For example, TMC-PF1

performed the calculations for the Semiscaie Mod-3 small-break test -10 time~

faster than TRAC.PD2 (Ref. 4). Systems that include the three-dimensiontil

vessel component generally will run somewhat faster with TRAC-PFl because the

material Cournnt limit {s removed from the onc-dimensional loop components.

—---- — ------
*
This work wa~ funded jointly by the US NRC Office of Nuclear Regulatory
Research, Division of Accident Evaluation and by the Los Alamos Natton,~l
Laboratory Kns~itutlonal Supporting Kescarch and Development Program.
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Because the use of a three-dimensional SETS method in the vessel component will

allow significantly faster running times for the wide variety of transients

that require multidimensional modeling, its implementation will be a major

milestone in the development of reactor safety codes that run faster than real

time.

II. THE SETS METHOD

To demonstrate the SETS method, we consider a simplified model for one-

dimensional, single-phase floW in an unheated horizontal pipe. The

differential equations for this model are

?pe
—+V ● peV “- pV * V ,
at

and

(1)

(2,)

(3)

Here, K is a wall friction coefficient thPL Inay be a function of velocity and

fluid properties,

A staggered spatial mesh is used for the finite-difference equations;

thermodynamic propertle6 are evaluated at the cell centers and the velocity 1s

evaluated at the CCII edges. The one-dimensional difference equations nre

Siven below. TO enoure ~tability and to maintain con~istency with differencing
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in previous TRAC versions, flux terms at cell edges uge donor-cell averages of

the form,

<yv>j+l/2 ‘yj”j+l/2 ‘ “j+l/2~’3 ;

-~j+lvj+l/2 ‘ “j+l/2 < 0 “
(4)

Here, Y may be any state variable. Other forms of this averuge may maintain

stability with higher order spatial accuracy but they have

carefully. With this notation, the one-dimensional

divergence operator is

(A1+l/2<yv>j+1/2 - Aj-@yV>j-L/2)

‘fl
● (Yv)- “ ..—— 9

Vol
~

not been studied

finite-difference

(5)

where A ie the area of the cell edge and vol
~
is the cell volume. The term VVV

becomes

‘Jj+l/2f”j+l/2- v,-1/~)
vj+l/2 2 @ ;vj+l/2v~l/2v -

—.-— ——— -— —-.,
*xj+l/2

j+i/2)v++l/2(vJ+2/2-:3._A--— 9
*xj+l/2

“j+l/2 <0 ;-

wliereAxj+l/2 - 0.5(Axj + *Xj+l)C

(6)
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For the flow model given by Eqs. (l)-(3), the combination of basic and

ntabil.izer equation acts can be written in eeveral ways. One ordering that is

always stable begins with the stabilizer step for the eqaatlom of motion,

continues with a solution of the basic equation set for all equationa, and ends

with a stabilizer mtep for the mass and energy equations. For this ordering,

the SETS finite-difference equations for Eqs. (1)-(3) are given below.

STABILIZER EQUATION OF MOTI.ON

..n+~

(vj+l/2 - v!j+l/2) .n+l
+ v;+l/2vj+l/2’JAt

+

+

+

.n+l -n
b(vj+l/2 - v;+l/2)vj+l/2v

1.—.- (P;+l - P!)

W:+@xj+l/2

.n+l
K;+l/2(2vj+l/2 - v:+l/2)lv:+l/21 -0 ‘

where

~-o’ “j+l/2~n<o ;

(7)

-1) vj+l/2~n’o “
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RASIC EQUATIONS

(qt;/2 ;+ .n+l
- v @ + v;+@j+l/JJ
At

.n 1
+ B(V;:;J2

n+1
- v7+l/#’j+@’ + ——–

—. (F;:; - Pj )

<P>:+@xj+L/2

+ K:+l/2@i/2 -v;+l/2)lv;+l/2’ ‘0 ;

(Elq- ‘j) + v . (pnvn+l) = o ;
-—.—

At j

q+lg;+l - p!je~) + v
—-—--.--———

j
● (pnenVn+L)

At.

n+lv n+l
+Pj j “ (v ) =0 .

STABILIZER MASS ANLJENERGY EQUATIONS

(9)

(lo)

(11)

(12)
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A tilde above a variable indicat-esthat it

step, not the final value for the time step.

The material Courant stability limit

is the result of an intermediate

is eliminated by treatment of the

terms VVV, V ● pV, and V ● peV during the two stepB. Additional stability is

obtained *lth the particular form for the friction terms and the use of nonzero

values of B in the VVV terms. These special terms for friction and VV’;are

obtained by linearizing similar terms that are fully Implicit In veloc{.ty,
Vn+lVn+l lVn+l, I and V~~~/2Vj+l/2 ~”

@;+l/2 j+l/2 j+l,2
Equation (7), which represents a tridiagonal linear system in the unknown

~n+l
9 is solved firr3t. Next, the coupled nf>nlinear system given hy

Eqs. (8)-(10) is solved. In practice this is

iteration in which the linearized equations are

involving only pressure variations (Ref. 4). Once

vn+~ is known; henc~~ Eqs. (11) and (12) are simple

with unknowns p
n+l n+l‘+~nd p ~ej

j
, respectively.

accomplished by a Newton

reduced to a linear system

these equations are solved,

tridiagonal linear systems,

When this equation set is adapted to flow in complex piping netwtirksor

to multidimensional problems, the pure tridiagonal structure is lost; however,

the matrices are still sparse. Reference 2!describes the extension of tileSETS

method to two-phase flow.

111. EXTENSION OF SETS TO 3-D

The computational feasibility of a three-dimensional SETS method first

was demonstrated by the development of a new hydrodynamics code, SETS3D, which

modeled the three-dimensional flow of an ideal gas. The extension of the SETS

method to three-dimensional flow is straightforward except for the equation of

motion. We found that the stabilizer eq’~ationof motion may be replaced by

three ~quatlons for the three velocity components; that is, the coupling among

the difference velocity components from the cross-derivative expressions in the

momentum flux terms of these equations may be treated explicitly.

The seven-point, finite”.differenceapproximation used in the various

convective terms of the three-dimensional SETS formulation results i’~several

large, sparse, banded matrices of the order of the number of hydrodynamic

cells. Direct solution of these large sparoe ma~rices io expen~ive and

inefficient both from the standpoint of computational cost and of computer
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storage. These matrices may be solved efficiently through the use of

specialized routines for banded linear systems such as those developed for the

Cray-1 by ToinJordan of the Computer Research and Applications Group at Los

Alamos or by the use of iterative methods.5

The stability of the SETS formulation in SETS3D was tested by running a

number of different two- and three-dimensional flow problems u~~tilsteady state

was achieved with the maximum time step fixed at the material Courant limit and

again with the maximum time step allowed to increase arbitrarily. In all cases

studied, the steady states were maintained at the largest time steps.

Following,the successful tests of the original version of SE’fS3D,the

code was extended to handle a second phase. The stability of the formulation

again was tested as described zbsvc, using a variety of two-phase, air-water

problems. Stabillty was maintained at the highest Courant number tested, that

is, 40,000. Appendix A describes the tw-phase !3ETS3Dcode.

Iv ● CONCLUS1ON

The SETS method has been extended successfully to equations for three-

dimenslonal, two-phase flow and the demonstration computer code used for this

extension has been written in a fnrm that can be adapted by other researchers.

The method currently is being incorporated into our reactor safety systems code

to provide the numerical foundation for a multidimensional code that can run

faster than real time. We expect that SETS will be very useful for a wide

range of m~ltiph~se and react?.ng flow problems where first-order-accurate

difference methods are approprii~te.
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APPENDIX A

SETC3D CODE DESCRIPTION

We have developed a new hydrodynamics code, SETS3D, to provide a tept-bed

for multidimensional versinns of SETS. This code models three-dimensional,

two-phase flow with the SETS method as well as with the standard semi-implicit

method used in TRAC-PF1. The flow geometry, spec$fied in Cartesian or

cylindrical coordinates, IB constrained to a regular grid for solution of the

finite-difference equatione. Constant velocity or constant pressure boundary

conditions are epecified independently through input at each of the external

cell faces.

Structures within the flow vessel are handled the same way as in

TRAC-PF1; that is, a Flow-volume fraction is input for each hydrodynamic cell

and a flow-area fraction is input for each cell face of the staggered spatial

grid. These fractions then are used to scale the geometric volumes and areas

of the grid. Structures that can act as flow straighteners may be added

through input for each cell face. A flow straightener cau~es flow normal to

the face; that is, flow through the face cannot contribute to a cross term in

the velocity equations.

The fluid material properties in SETS3D are defined by the TRAC

thermodynamic routines. The liquid phase is water and the vapor phase is a

steam-air mixture where the air partial pressure may be zero. The present

version of SETS3D does not contain a conetitutive package; that is, the:e are

no models for such factors as wall shear, interracial shear, structure-to-fluid

heat-transfer coefficients, nor for terms describing procesees such as boiling.

These parameters currently are defined by input or are seL to constant values

in the code. However, because the SETS3D code la modular, a variety of

constitutive packagee could be added and tested easily.

The TRAC-PF1 data base IS structured dynamically using pointers; that is,

the variables of a given data type, such ae cell-centered pressures or face-

centared flow areae, are stored contiguously. The pointern define the addreee

of the etarting location :or each data type. A pointer must be defined for

each data type. We have discovered through experience that this type of data
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structure is difficult to maintain, inflexible, and cumbersome in a number of

ways. The SETS3D data base has been inverted so that all of the data for a

single hydrodynamic cell are stored contiguously. The structure of this data

base may be defined by a single parameter, the number of data types. Our

experience with SETS3D has shown that code development is easier and quicker

with this inverted data base and the code structure is more efficient.

We plan to make a single-phase version of SETS3D available to interested

researchers. The following code features have been added to increase the

utility of the code. The -8000 lines of FORTRAN source code are maintained

using the commercially available utility Historian, which is similar to the

CDC Update utility. The code includes extensive comments regarding both data

structure and computation? flow. The structure of this version will not allow

it to be incorporated into TRAC.

The SETS3D code was developed for use nn a Cssy-1 computer. Aii of the

hydrodynamic loops have been written so as to vectorize. Vectorization

compatibility was built into the initial code design because we have discovered

that it is difficult to restructure existing codes so that they will vectorize.

For example, it is expensive to vectorize logical branches. In the case of the

boundary conditions, logical branc~es were avoided by increasing the size of

the computational grid so that the boundary values could be stored and

referenced directly. The extra terms in the cylindrical forms of the velocity

equations were coded with additional tactors that are defined as zero when the

Input is specif.ed in Cartesian coordinates. Processes that could no2 be

vectorized easily were coded in separate loops from those that coul~ be

vec.torized.
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